The control of language use has in its simplest form perhaps been most intensively studied using the color-word Stroop task. The authors review chronometric and neuroimaging evidence on Stroop task performance to evaluate two prominent, implemented models of control in naming and reading: GRAIN and WEAVER11. Computer simulations are reported, which reveal that WEAVER11 offers a more satisfactory account of the data than GRAIN. In particular, we report WEAVER11 simulations of the BOLD response in anterior cingulate cortex during Stroop performance. Aspects of single-word production and perception in the Stroop task are discussed in relation to the wider problem of the control of language use. 
. Introduction
the basic modes of language use-speaking, listening, reading, writing, and signing-seem to employ different The writer Oscar Wilde said that some people can resist configurations of basic processing components. When everything except temptation. But if the ultimate goal of language users have to perform one particular verbal task cognition is the adaptive control of perception and action, rather than another, they are able to selectively control the resisting temptation is the key to success. In achieving configurations, usually without much practice. In some one's goals rather than being driven by distraction, execuway or another, goals can be set adaptively to control tive or willed control plays a critical role, both in action language use and executive control helps to direct the generally and in verbal action specifically. For example, machineries of perception and action to this goal. speakers need control to prevent interference from seeing Whereas the component processes serving speaking, irrelevant objects in the environment or hearing interlistening, reading, writing, and signing have been domains locutors while planning what they want to say. Bilinguals of extensive empirical investigation (see Ref. [5] for need control to prevent interference from one language reviews), the issue of their control has received much less when planning or processing the other. Executive control attention. The willed control of verbal perception and is not only needed to keep verbal perception and action action has in its simplest form perhaps been most intenfocused in the face of distraction, but it is also required in sively studied using the color-word Stroop task [43] and monitoring for speech errors and their repair. Furthermore, analogs of it. Following a long research tradition, we take the Stroop task to be a prototype of the willed control of language use. In Sections 2 and 3, we review some of the GRAIN [4] and WEAVER11 [22, [39] [40] [41] . We report processing the colors and words. Color words are typically computer simulations showing that GRAIN provides a less read some 100-200 ms faster than the corresponding satisfactory account of the data than WEAVER11. In colors are named [17] . However, when one compensates Section 5, we place the findings on single-word production for the slower processing of colors by presenting color and perception during Stroop task performance in the patches more than 200 ms in advance of the words to be broader context of the problem of the executive control of read, still no interference on word reading is observed. language use.
Presenting the word before or after the color patch reduces We start with a brief note on relevant distinctions.
interference in color naming. That is, interference peaks Willed or consciously wanted goals are often referred to as when color and word are presented simultaneously [17] . intentions. Not all goals in language use are willed. For MacLeod [25] provides an extensive review of the example, the intention to verbally convey that the color of Stroop literature, covering over 400 articles. Stroop interone's car is blue is presumably achieved through a ference not only occurs in naming colors while reading hierarchy of subgoals including the goal of producing the color words but it appears in many other verbal domains sound / b / by closing the lips. However, although lip (e.g. position words interfere with the naming of positions, closure may be a goal in verbal action, it is not a willed numerals interfere with the naming of numerosity, picture goal, although it may perhaps have been in the course of naming is interfered with by incongruent spoken words learning a language. That is, automatization through presented over headphones or written words superimposed extensive practice may turn intentions into goals that are on the picture). Stroop interference is also observed with merely entailed by willed goals rather than being explicitly typing the word. Consistent with the evidence for the willed themselves. Intentions are illocutionary if they dominant role of the left hemisphere of the brain in verbal concern achieving communication through verbal means.
processing, several visual half-field and evoked-potential Ultimately, language use is always driven by willed goals.
(ERP) studies have observed greater Stroop interference in Speakers, writers, and signers try to achieve communicathe left than in the right hemisphere. The magnitude of tive intentions through verbal means and listeners, readers, Stroop interference varies with age, with young children and viewers try to recover these intentions.
and older adults exhibiting the largest interference scores. Often, persons diagnosed with schizophrenia, frontal lobe lesions, and Alzheimer dementia show Stroop interference 2 . Chronometric evidence on Stroop scores that are disproportionately high. Whereas monolinguals are not influenced by irrelevant words from a foreign Performing a verbal task involves dynamically setting language, Stroop interference does occur between the the language system to achieve a certain verbal goal. The languages of bilinguals. The amount of interference is Stroop task involves setting the goal to naming the ink usually less between than within languages. color of color words (one task variant) or setting the goal to reading the words aloud (another task variant). That executive control is involved in Stroop task performance is 3 . Neuroimaging evidence on Stroop evident from the finding that speakers are much slower and make more errors in naming the ink color of an inconNeuroimaging studies have shown that an extensive gruent color word (e.g. the word BLUE in red ink) than in network of brain areas is involved in Stroop task pernaming the color of a colored series of Xs in the control formance. Critical areas of this network are (1) the anterior condition or the ink color of a neutral word (e.g. the word cingulate cortex (ACC) and (2) the dorsolateral prefrontal DOG in red ink), referred to as Stroop interference. The cortex (DLPFC), both involved with executive control, (3) ink colors are named rather than the color words read at the left lingual gyrus subserving color processing and the the cost of slower responding and more errors. Furtherleft extrastriate cortex subserving visual word-form promore, speakers are faster than neutral and control when cessing, and (4) the left perisylvian language areas includcolor and color word agree in the congruent condition, ing the areas of Broca and Wernicke. We briefly characterreferred to as Stroop facilitation. When the task is to read ize the nature of the involvement of these areas in turn. aloud the words and to ignore the ink colors, there is no interference from incongruent colors or facilitation from 3 .1. Anterior cingulate cortex congruent colors relative to control, which is called the absence of a 'reverse Stroop' effect. Given that the words One of the brain areas that has quite consistently been are read rather than the colors named, the absence of a associated with performing the Stroop task is the anterior reverse Stroop effect in reading shows that executive cingulate cortex (ACC), which is located on the medial control in Stroop word reading is absent or involves no surface of the frontal lobes of the brain (see Ref. [32] for a special temporal cost, unlike Stroop color naming. review). Traditionally, the ACC is taken to be part of the The asymmetry in Stroop effects between color naming 'limbic lobe', a term coined by Broca. Paus [32] characterand word reading is not due to the relative speed of ized the ACC as the brain area where 'motor control, drive and cognition interface'. Firstly, extensive projections from lesion in the manual motor area of the ACC [47] . The the thalamus and brainstem nuclei to the ACC suggest an patient was impaired on an arrow-word version of the important role for drive and arousal in ACC involvement.
Stroop task when giving manual responses but not when Secondly, extensive reciprocal connections between the giving vocal responses. Lesion studies do not always ACC and the DLPFC suggest an important role for provide a consistent picture of ACC involvement in cognition in ACC engagement. Thirdly, the motor areas of Stroop, however. Extensive group studies of patients with the ACC in the cingulate sulcus densely project to the ACC lesions have been reported, which did not provide spinal cord and the motor cortex, which suggests an evidence for impaired Stroop performance [44, 48] . Howimportant role for the ACC in motor control. The motor ever, the patients differed in the locus and extent of areas of the ACC contain subregions specifically controldamage within the ACC and also the time of onset and the ling oculomotor, vocal, and manual responses.
cause of the lesion differed. The functional specificity of In general, the ACC shows increased activation when subregions of the ACC and the role of practice may performing a task is demanding and potentially error prone perhaps account for some of the discrepancies among the compared to when the task is easy (see Refs. [4, 6, 26] for neuropsychological results [45] . reviews). The ACC shows increased activation in conflict compared to nonconflict conditions during response over-3 .2. Dorsolateral prefrontal cortex ride tasks such as Stroop and the Eriksen flanker task. Furthermore, the ACC shows increased activation during Another brain area that has been associated with aspects tasks in which responding is underdetermined, such as in of executive control in performing the Stroop task is the verb or noun generation from a verbal prompt compared to dorsolateral prefrontal cortex (DLPFC). Activations of this reading aloud the prompts. The ACC also shows increased area are typically observed in tasks that require mainteactivation in divided compared to selective perceptual nance and manipulation of information in working memattention tasks and during dual task performance compared ory. Furthermore, the area is associated with goal or task to single task performance. Finally, the ACC is the locus manipulations (see Ref. [29] for a review). MacDonald et of the error-related negativity (ERN, see Ref. [18] for a al. [24] provide evidence that the DLPFC serves to hold review), an evoked brain potential associated with awarethe task demands (goal) temporarily on-line in Stroop task ness of error commission. More generally, the ACC seems performance. They observed differential activation of the to be involved in both behavioral and affective control DLPFC between color naming and word reading in task functions [6, 15, 16, 32] .
preparation before a Stroop trial, but no differential As concerns Stroop color naming, brain imaging studies activation between the incongruent and congruent conhave shown that the ACC is more active in the incongruent ditions in Stroop performance during the trial itself. In than in the congruent condition [24, 31, 34] . Furthermore, contrast, there was no differential activation of the ACC neuroimaging studies indicate that both the incongruent between color naming and word reading in task preparaand congruent conditions show more activation than the tion before a Stroop trial, but the ACC was more active in neutral condition [7] and the control condition [3] . Thus, the incongruent than in the congruent condition during a interestingly, the pattern of ACC activations Stroop color naming trial itself. (incongruent.congruent.neutral / control) does not correspond to the chronometric ordering of the Stroop con-3 .3. Lingual gyrus and extrastriate cortex ditions (incongruent.neutral / control.congruent). Accounting for this dissociation between brain activations and Color perception is associated with the lingual gyrus color naming latencies constitutes a major challenge for (human V4) and various aspects of visual word-form models of Stroop [26] .
processing with the left fusiform gyrus and other left and An exception to the general pattern of ACC activations right extrastriate areas [12, 36, 37] . In a PET study of Stroop in Stroop is provided by the PET study of Taylor et al.
color naming, Carter et al. [7] observed a reduced blood [46] . Different from other studies, however, Taylor et al.
flow to the left lingual gyrus in the congruent condition gave their participants extensive practice on the Stroop relative to the neutral condition and an increased blood task before scanning. Bench et al. [3] obtained only ACC flow in the incongruent condition relative to the congruent activation in Stroop when the task was not practised in condition, the latter being in line with the activations of the advance. This fits with previous observations that ACC ACC. The increased activation of the left lingual gyrus in activation decreases with practising a response [36] .
the incongruent condition relative to the congruent conThe ACC is a large area with a complicated pattern of dition has also been observed in other studies [31, 35] . substructures [6, 32] . Different subregions of the ACC Furthermore, Carter et al. [7] observed a reduced blood appear to be involved with Stroop model of spoken word production [22, [39] [40] [41] . We report [3] .
simulations showing that this model not only accounts for the Stroop latency findings but also for the ACC activa-3 .4. Left perisylvian language areas tions. Furthermore, we propose an extension of the model to account for the activations of the DLPFC and the visual In comparing brain activations during performance areas. across the different Stroop conditions, activations of the core language areas are typically subtracted out. In their 4 .1. The GRAIN model of Stroop performance meta-analyses of 82 word production studies and 26 word perception studies, Indefrey and Levelt [19, 20] identified
The GRAIN (Graded Random Activation-based Interacseveral core language areas for naming and reading. The tive Nonlinear) model of performance in the Stroop task analyzed studies included picture naming, word generation developed by Cohen and Huston [9] assumes that the task (e.g. generating a use for a noun, e.g. saying 'hit' to is achieved through an interactive-activation network HAMMER), word reading, and pseudoword reading. As consisting of input, output, and task demand nodes, which can be expected from the classic neuropsychology studies is illustrated in Fig. 1 . Input nodes represent perceived of Broca and Wernicke in the 19th century and most later words and colors. Processing occurs through activation studies, the neuroimaging studies localized the language spreading from input to output nodes, whereby nodes areas basically in the left hemisphere. The middle part of change their activation with time in a continuous, nonthe left middle temporal gyrus seems to be involved with linear manner. There are between-level excitatory links conceptually driven lexical selection, which has been and within-level inhibitory links. The connections between confirmed recently in an MEG study [27] . Next, activation word input nodes and response output nodes in the word spreads to Wernicke's area, where the phonological code of reading pathway are stronger than the connections between the word seems to be retrieved. Activation is then transcolor input nodes and the same response nodes in the color mitted to Broca's area for post-lexical phonological pronaming pathway, reflecting a greater practice in reading cessing such as syllabification. Finally, phonetic encoding than naming. Following Norman and Shallice [30] and and articulation take place, with contributions of the others, the executive control of color naming and word supplementary motor area (SMA), the cerebellum, and reading is achieved by biasing the activation levels of sensory-motor areas.
responses. In particular, color naming and word reading are achieved by activating the corresponding task demand node. On each simulated Stroop trial, task input is given 4 . Modeling Stroop task performance and activation cycles around until a stable pattern of activation (an 'attractor') is reached. Next, the relevant The discussions in the literature of executive control in color and word input nodes are activated. The output node the Stroop task have focused on the anterior cingulate cortex (ACC) and the dorsolateral prefrontal cortex (DLPFC). Whereas it seems generally accepted that the DLPFC plays a role in maintaining the task demands in working memory, there is much disagreement about the role of the ACC. Two major views of the involvement of the ACC in the Stroop task are the conflict monitoring view and the selection-for-action view. On the selectionfor-action view, the ACC plays a role in actually securing task-relevant control, that is, in implementing control [1, 18, 26, 36] . In contrast, the conflict monitoring view [7, 24] holds that the ACC merely signals the presence of conflict or crosstalk between processing channels, prompting other systems to actually implement the control. The conflict monitoring view has recently been computationally implemented in the GRAIN model of Stroop task performance [4] . Fig. 1 . Network of the GRAIN model [9] and its extension with conflict In Sections 4.1. and 4.2, we argue that GRAIN needs to monitoring by Botvinick et al. [4] . denotes a bidirectional be modified to account for critical aspects of the data inhibitory connection and ↔ denotes a bidirectional excitatory condiscussed in Sections 2 and 3, in particular, the findings on nection.
whose activation first exceeds a threshold is chosen as
(1)
response. The GRAIN model successfully accounts for the Stroop The conflict monitoring node stands for the contribution interference in color naming and for the absence of of the ACC and the task demand nodes for the contribution interference in word reading [9] . In color naming, a of the DLPFC. The extended GRAIN model was applied to distractor word puts the response layer in an attractor for both latency and neuroimaging data on Stroop task perthe perceived word rather than the color. The Stroop formance. Simulations by Botvinick et al. [4] showed that interference is explained as the extra time it takes to move the conflict monitoring node was more active in the from the attractor for the word into the attractor for the incongruent than in the congruent condition and that both color name. There is no interference in word reading conditions were more active than the control condition, in because the weaker color naming pathway is much less line with the empirically observed ACC activations [3, 7] . effective in putting the system in the wrong attractor. The Furthermore, responding in the incongruent condition was model is not successful in accounting for the time course slower than in the control condition and slower in the of Stroop interference, however. Simulations by Cohen and control condition than in the congruent condition, as Huston [9] showed that interference in the model does not empirically observed [3, 7] . The left-most panel of Fig. 2 vary with the pre-exposure time of the distractor, whereas shows the energy of the response layer as a function of in the real data, interference decreases when the preStroop condition. exposure time increases [17] . After receiving word input,
The empirical neuroimaging study of Carter et al. [7] the GRAIN network quickly settles into a stable state of included the neutral condition (the word DOG in a color) activation for the response corresponding to the word. The rather than the control condition (a row of Xs in color) stable state does not vary with time, hence making the used in the simulations by Botvinick et al. [4] . When we pre-exposure time of the distractor longer or shorter has no ran simulations of the GRAIN model with DOG rather effect, until a pre-exposure time is used that is too short for than the row of Xs, the response-layer energy was virtually the distractor to reach an attractor. Consequently, the the same with the neutral word DOG and the congruent amount of time it takes for the color name to overcome the color word, contrary to the neuroimaging data [7] . Furtherinterference from the word is constant, in disagreement more, the color naming latencies were the same with with the real data (see Ref.
[41] for discussion).
neutral words and incongruent words, in disagreement with the empirical data [3, 7] . It has been argued that words that are not part of the response set (like DOG) receive a 4 .2. Simulation of Stroop performance by GRAIN negative bias in the response layer [8] . Implementing such a bias (and testing a wide range of bias values) resulted in Recently, Botvinick et al. [4] implemented the conflict slightly greater response-layer energies in the congruent monitoring view of the ACC in GRAIN by adding a than in the neural condition, as empirically observed. 'conflict-monitoring' node to the model's network. The However, the color naming latencies in the neutral and conflict-monitoring node has an 'energy' reflecting the incongruent conditions remained the same, contrary to the degree of conflict in the response layer, with a and a empirical data.
i j being the activation levels of nodes i and j and w the We also found other discrepancies between model and ij strength of the connection between them, whereby data. Our simulations revealed that GRAIN predicts that the ACC should be active to a similar extent when the task word input nodes (for word perception), whereas no task is Stroop color-word naming and when no word distractor demand node was activated. Again, due to the interactive is presented, that is, when the task is bare color naming.
nature of processing in the model, activating a single color The simulations of bare color naming were run by activator word input node and no task node still leads to the ing the color-naming task node and one of the color input activation of multiple responses in GRAIN. As a result, the nodes (e.g. red), whereas a word input node was not energy level in the model is high, even without conflicting activated. The middle panel of Fig. 2 shows the amount of stimulus information. Running the model with a low-level energy in the response layer during bare color naming. The control condition such as 'keeping the eyes closed' (i.e. energy curve shown is typical, although the exact energy providing no input at all to the network and inhibiting the values depend on the parameter values in the model. Due response layer) yielded not much activation of the conflict to the interactive nature of processing in the model (all monitoring node. Thus, GRAIN predicts that passive nodes are bidirectionally connected) and the activation of viewing should yield high ACC activation compared to multiple input nodes by a task node, activating a single keeping the eyes closed, but Stroop color naming and color input node leads to the activation of multiple passive viewing should yield comparable ACC activations. responses in GRAIN. Consequently, the energy level in the None of the above predictions of the model is supported model is high even without conflicting stimulus inforby the empirical data, however. Empirically, more ACC mation. For the same reasons, GRAIN predicts that the activation is observed in conflict compared to non-conflict ACC should be active to a similar extent when the task is situations [4, 6, 26, 36] . The ACC is not differentially actiStroop color-word naming and when the task is bare word vated with passive color perception and passive word reading, which is also shown in the middle panel of Fig. 2 .
perception compared to keeping the eyes closed The energy of the response layer is higher with bare word [19, 20, 36] . Moreover, ACC activation decreases rather reading than with bare color naming, because the conthan increases with practising a response [36, 46] . nections between the word input nodes and the response Furthermore, the neuroimaging evidence on Stroop color nodes are stronger than the connections between the color naming suggests that the lingual gyrus subserving color input nodes and the response nodes. Therefore, the reprocessing is more active in the incongruent condition than sponse nodes are more active with bare word reading than in the congruent condition and more active in the neutral with bare color naming, and the energy of the response than in the congruent condition [7, 31, 35] . The left panel of layer is higher with reading than with naming. Thus, Fig. 3 shows the activation of the color input layer of GRAIN predicts more ACC activation when the response GRAIN over time as a function of Stroop condition. As is highly practised (e.g. reading aloud the word RED) than can be seen, the activations of the color layer in GRAIN when it is not (e.g. naming the ink color red).
are virtually the same in the different Stroop conditions, in Moreover, GRAIN predicts that the ACC should be disagreement with the neuroimaging data [7, 31, 35] . Moreactive to a similar extent with Stroop color-word naming over, the neuroimaging evidence on Stroop color naming and with passive color or word perception, that is, when no suggests that the extrastriate cortex subserving visual task input and no distractor input is given, as the rightword-form processing is more active in the neutral than in most panel of Fig. 2 shows. Our simulations of passive the congruent condition and more active in the congruent color and word perception were run by activating one of condition than in the incongruent condition [7] . The right the color input nodes (for color perception) or one of the panel of Fig. 3 displays the activation of the word input layer over time as a function of Stroop condition in WEAVER1 1 implements the view that naming a GRAIN. The figure shows that the word input layer in perceptual entity such as a color involves a hierarchy of GRAIN is least active in the neutral condition, in disagreeprocessing stages, illustrated in Fig. 4 . Firstly, there is the ment with the empirical findings.
conceptual identification of the color based on perceptual In summary, the GRAIN model accounts for some of the input (e.g. red) and its designation as goal concept (i.e. basic chronometric findings on Stroop, although it fails to RED(X)). Secondly, the lemma of the corresponding word account for the time course of the Stroop phenomenon.
is retrieved (i.e. red), in the Stroop literature often referred Furthermore, whereas the conflict monitoring view imto as response selection (except that it involves here plemented in GRAIN accounts for the ACC activations lemmas). A lemma is a representation of the syntactic and response times in some of the conditions of the properties of a word, crucial for its use in sentences [22] . color-word Stroop task, the model fails to account for the Thirdly, the form of the word is encoded (i.e.
[red]), called absence of ACC activation in passive color and word response programming. Finally, the name is articulated, perception compared to keeping the eyes closed. Furthercalled response execution. A perceived written word more, the model fails to account for the finding that ACC activates its lemma and its output form in parallel. Oral activation is reduced when the response is highly practised reading is achieved by a shallow form-to-form route (e.g. compared to when it is not. Finally, the pattern of from the orthographic form RED to [red]) or may involve activations of color and word input nodes in the model an extra step of lemma retrieval (i.e. from RED via red to disagrees with the pattern of activations of the cortical
[red]), roughly corresponding to what is traditionally called areas subserving color and visual word-form processing.
the 'semantic' route in reading aloud. It should be noted, however, that in order to derive the The model assumes that the mental lexicon is a network predictions from GRAIN, we ran the model in situations with information about words, a small fragment of which that the original developers of GRAIN had not yet is illustrated in Fig. 5 . A conceptual stratum represents modeled (e.g. the neutral Stroop condition, color naming concepts as nodes in a semantic network. For example, the without distractor, passive viewing). In applying the model concept red is represented by the node RED(X). The to these novel situations, we had to make new assumpsyntactic stratum contains lemma nodes, such as red, tions. For example, we linked activations of the color and which are connected to nodes for their syntactic class (e.g. word input nodes in GRAIN to activations of the color and adjective). And finally, the form stratum contains nodes word form areas of the brain. The developers of GRAIN representing morphemes (e.g. kredl), segments (e.g. / r / ), might have adopted somewhat different or more complex assumptions about the best way to model the task variants and might have had more success. Thus, the predictive failures of specific instantiations of the GRAIN architecture need not imply that the architecture itself is flawed. The data challenge rather than refute GRAIN and point to the need of further developing the model.
.3. The WEAVER11 model of Stroop performance
Recently, a new account of the color-word Stroop phenomenon has been proposed based on an implemented model of spoken word production, WEAVER11 [22, [39] [40] [41] . On this account, Stroop effects arise from processing interactions among representations within the languageproduction architecture and task-relevant control achieved through explicit reference to goals, following Anderson [2] , Levelt [21] , and others. It has been shown that WEAVER1 1 successfully simulates 16 classic data sets on Stroop, mostly taken from the review by MacLeod [25] , including incongruency, congruency, reverse Stroop, response set, semantic gradient, time course, stimulus, spatial, multiple task, manual, bilingual, training, age, and pathological effects (see Ref.
[41]). With only three free parameters taking two values each to accommodate task differences (color naming, picture naming, word reading, manual responding), the model accounts for 96% of the read word is not the name of the color, which is only evident after the name of the color is selected (which takes longer in the incongruent than in the congruent condition). However, if a neutral word is read, suppressing the reading response does not have to wait till the color name is selected. Consequently, if ACC activation reflects reading response suppression, the incongruent condition should be more active than the congruent condition and both conditions should be more active than the neutral condition, as empirically observed [7] .
In contrast, the differences in color naming latencies selection times are longer in the incongruent condition than in the neutral condition and they are longer in the neutral and motor programs (e.g. [red]). Information is retrieved condition than in the congruent condition, as empirically from the network by spreading activation. For example, a observed [7, 25] . Thus, whereas the reading of neutral perceived color (e.g. red) activates the corresponding words can be quickly suppressed (reflected in the ACC concept node (i.e. RED(X)) in the network. Activation activation), the selection of the color name takes longer then spreads through the network following a linear with neutral than with congruent words (reflected in the activation rule with a decay factor. Each node sends a color naming latencies). This is because selection of the proportion of its activation to the nodes it is connected to.
color name is primed by congruent words but not by For example, RED(X) sends activation to other concepts neutral words. such as BLUE(X) and also to its lemma node red.
The meta-analyses of neuroimaging studies on naming Selection of nodes is accomplished by production rules and reading by Indefrey and Levelt [19, 20] suggest that specifying condition-action pairs [2] . A rule is triggered conceptually driven lemma retrieval is associated with the when its nodes become active. A lemma retrieval promiddle part of the left middle temporal gyrus, confirmed in duction rule selects a lemma if the connected concept is an MEG study [27] . However, this area is typically not the goal concept. For example, red is selected for RED(X) differentially activated among the Stroop conditions in if it is the goal concept and red has reached a critical PET and fMRI studies of Stroop performance, although the difference in activation compared to other lemmas. Thus, mid-temporal area has been found to be more active in the how fast a node is selected depends on how active the incongruent than the congruent Stroop condition in one other nodes are.
fMRI study [35] . A reason for this discrepancy among According to the selection-for-action view implemented studies may be the different sensitivity of the various in WEAVER11, the ACC plays a role in implementing neuroimaging techniques to processes in the brain. The task-relevant control [41] . According to the model, ACC temporal resolution of MEG is much higher than that of activation reflects executive processing, whereas the PET and fMRI. Furthermore, whereas MEG measures Stroop conflict arises during selections in planning the neural activity directly, PET and fMRI measure it only target word. The latter happens in the left perisylvian indirectly through the hemodynamic response to neural cortex, including the areas of Wernicke and Broca (see activity. Whether a differential hemodynamic response is Refs. [19, 20] for details). Executive control in the model obtained critically depends on the amount and duration of includes goal control and input control. Goal control neural activity and the brain areas involved. Thus, it consists of ensuring that response selection confirms the remains possible that MEG is able to register the activation task demands and that inappropriate responses are supassociated with lemma competition while the activation is pressed. Input control consists of suppressing input from not so readily registered with PET and fMRI. An MEG the irrelevant perceptual channel, for example the word study of Stroop would be welcome. channel in color naming.
If ACC activation reflects word reading suppression, the 4 .4. Simulation of Stroop performance by WEAVER11 area should be more active in the incongruent than in the congruent condition and both conditions should be more
We tested the Stroop account of WEAVER11 given active than the neutral condition, as empirically observed above by running computer simulations. As target data for [7] . Suppressing the reading response in the incongruent the simulations, the fMRI study of MacDonald et al. [24] and congruent conditions depends on color name selection:
and the PET study of Carter et al. [7] were taken. The incongruent and congruent distractors are also color words fMRI study measured the hemodynamic response in the and therefore possible responses. Suppressing the selection ACC during the incongruent and congruent Stroop conof the lemma of a read color word can only occur if the ditions and the study also measured the corresponding as w, is an index of the amount of control needed in the different Stroop conditions. It was assumed that a gamma function provides a reasonable model of the BOLD response [10] . For the simulations it was assumed that du /Dt 2t / critdiff BOLD response (t) 5 wt e
where du and critdiff are parameters of the model. The du (duration) parameter is the latency of input control and critdiff (critical difference) is the response threshold in the model. The response latencies were derived as in earlier simulations of the model [39] [40] [41] . The left panel of Fig. 6 shows the BOLD response in the ACC on incongruent and congruent trials measured by MacDonald et al. [24] . The right panel shows the corresponding BOLD responses in WEAVER11 simulations. The difference in color naming times between the incongruent and congruent conditions measured by MacDonald et al. was 116 ms and it was 127 ms in the WEAVER1 1 also observed in the WEAVER11 simulations. Furthermore, the simulations yielded a larger hemodynamic color naming latencies. The PET study measured the ACC response in the incongruent and congruent conditions than activations during the incongruent, congruent, and neutral in the neutral condition, which corresponds to what Carter Stroop conditions as well as the corresponding color et al. [7] observed in their PET study. The left panel of naming latencies. Fig. 7 shows the corresponding color naming latencies The simulations were run as follows. For each time step observed by Carter et al. [7] and the right panel shows the Dt during which goal control and input control was latencies in WEAVER11 simulations. To conclude, required, a node representing the contribution of the ACC WEAVER1 1 agrees with the empirical data. received input with a size equal to the standard input Although WEAVER11 does not include detailed asparameter of the model. The sum of the inputs, referred to sumptions about goal maintenance, color perception, and The use of language in conversational speaking, listen-DLPFC is the brain structure responsible for maintenance, ing, reading, writing, and signing does not occur in one expects the area to be less active with a highly isolation, but it is typically embedded in other activities. practised task (reading) than with a less practised task Speakers may plan their turn in a conversation while (color naming), as empirically observed [24] . If perceived listening to their interlocutor and while walking or driving colors are attended to until the goal (color naming) is a car. They may watch an event or scene while listening to reached [41] , the ordering of activations of color input an interlocutor and they may listen to the radio or to music representations should follow the ordering of the color while reading the newspaper or writing a letter. Furthernaming latencies in the Stroop conditions, which corremore, speakers not only listen to their interlocutors while sponds to what is empirically observed [7, 31, 35] . Furtherplanning their turn in a conversation, but they also monitor more, if the activation of word-form input representations their own internal and overt speech for errors and approreflects input suppression, then the ordering of activations priateness [21] . of these representations should be the reverse of the In both written and spoken sentence comprehension, ordering of ACC activations in the different Stroop words come in one by one. Similarly, in sentence proconditions, which corresponds to what is empirically duction, words are produced one after the other. It has observed [7] . As it stands, WEAVER11 has a less therefore been argued, independently for comprehension detailed story to tell about goal maintenance and the and production, that processing and planning proceed in an DLPFC than GRAIN. Clearly, further development of incremental fashion rather than in parallel. As they come WEAVER1 1 is warranted.
in, perceived words trigger procedures that compute their syntactic relations and meanings in the ongoing discourse, and words planned to express meanings within a discourse trigger procedures that compute their syntactic relations 5 . Discussion and conclusions and prosodic forms [5, 21] . The communicative intentions in discourses are typically We have reviewed chronometric and neuroimaging much more complex than those in a laboratory task such as evidence on Stroop task performance to evaluate two Stroop. For example, rather than the intention to name ink implemented models of executive control in language:
colors, a speaker may have the intention to convey that the GRAIN and WEAVER11. GRAIN implements the view, color of his car is blue or that he saw that the color of the prominently advocated by Norman and Shallice [30] , that car of his boss is white. This points to the need for a executive control is achieved by associatively biasing combinatorial system such as a production rule system that activation levels of perceptions and actions. Goals are can incrementally represent an infinitive number of intensources of activation that predispose for certain actions, tions rather than a few fixed ones. Furthermore, it asks for but the selection of actions does not make explicit refera combinatorial system that can incrementally express ence to these goals. WEAVER11 implements the view, those intentions verbally. The principles of control in word prominently advocated by Anderson [2] , that actions are planning and perception may be the same for single and controlled through explicit reference to goals. Goal-refermultiple word utterances, however. For example, if enced control assures that actions and perceptions remain BLUE(X) is made the goal concept and lemmas are focused and it ensures that decisions can be made between selected in a goal-referenced fashion, the lemma of blue actions. It appeared that WEAVER11 offers a more will be selected, regardless of whether the concept satisfactory account of the empirical data on Stroop than BLUE(X) is part of the intention to name ink colors or to does GRAIN. produce a sentence stating what the color of one's car is. Although single word production and perception make Similarly, goal-referenced selection will protect the planup an essential ingredient of language use, the principles ning of blue from interference regardless of the complexity underlying the control of single words do not necessarily of the intention. To conclude, although conversations are hold for the production and comprehension of sentences driven by time-varying structured intentions, the principles and discourses. In this final section, we relate aspects of of their control may be the same as for single words. Stroop task performance to the wider problem of the control of language production and perception. We argue that the principles underlying the control of single words 5 .2. Control of multiple languages and discourses are essentially the same. Furthermore, we briefly address the control of multiple languages, the role Bilinguals need executive control to protect the use of of learning and practice, and the relation between conflict one language against the inadvertent use of the other monitoring and self-monitoring.
language. Color naming in a bilingual Stroop experiment not only asks for naming the colors rather than reading the ference suggest that bilinguals are unable to achieve such words, but it also asks for responding in the appropriate blockings. language. This may be achieved by including language
The absence of an effect of non-target language words nodes and language-specific response nodes in GRAIN or on brain potentials and a difference in activation of brain by specifying the target language in the production rules areas between monolinguals and bilinguals in fMRI does and lemmas in WEAVER11.
not necessarily imply, however, that bilinguals are able to Stroop interference between languages is about 60-70% selectively shut down one of their lexicons, as Rodriguezof that within a language (see Ref. [14] for a review), Fornells et al.
[38] maintain. The bilingual Stroop results which has been simulated successfully by WEAVER1 1 indicate that between-language effects on responding are [41] . Stroop interference between languages suggests that attenuated compared to within-language effects. Atwords of the non-target language are processed up to the tenuated effects for words from the non-target language conceptual level. This assumption agrees with the results also may lead to an absence of an effect on brain of a wide variety of chronometric studies of bilingual word potentials. Furthermore, the availability of two languages perception (see Ref. [13] for a review), but it is at odds rather than one language may lead to more extensive word with the conclusion from a recent neurophysiological and processing before responding in bilinguals compared to fMRI study by Rodriguez-Fornells et al. [38] . In this study, monolinguals, which may explain why certain brain areas bilingual Spanish / Catalan and monolingual Spanish parare more active in bilinguals than in monolinguals. ticipants were instructed to press a button when presented with words in Spanish and to ignore pseudowords and 5 .3. Role of learning and practice words in Catalan. The evoked brain potentials (i.e. the N400) of both the bilinguals and monolinguals were Intentional or willful behaviors are typically learned and sensitive to the frequency of the words in Spanish but not so depend on a system that can find out, represent, and in Catalan. Furthermore, the fMRI response to Spanish store what resources are required to achieve the goals. The words revealed greater activation of the posterior inferior ACC and DLPFC seem to provide such a system (see Refs. frontal cortex and the planum temporale for the bilinguals [18, 29] for reviews and discussions). Stroop interference than for the monolinguals. Previous research has suggested has often been interpreted in terms of a greater strength of that these areas are involved in phonological processing processing or automaticity of reading compared to color [19] . According to Rodriguez-Fornells et al., these results naming, a view which has been implemented in GRAIN by suggest that bilinguals can selectively shut down one of assuming stronger connections in the reading than in the their lexicons. In particular, bilinguals prevent interference color naming pathway. On this account, words interfere from the non-target language by accessing the lexicon of with color naming because reading is a more practised and the target language through application of language-spehence a more automatic or stronger process than color cific sublexical grapheme-to-phoneme correspondence naming. The more automatic a process, the more it is rules and blocking direct lexical access for both languages.
capable of interfering with a less automatic process. In This account of the selective processing of languages in adults, reading is assumed to be very automatic and color bilinguals assumes that language users can control whether naming much less so. Hence words interfere with color a lexical or sublexical route into the lexicon is taken in naming but colors not with reading. This view predicts that reading and that they have control over the type of the Stroop conflict should increase as reading becomes processing within the sublexical route. That is, the account more practised in children in the course of learning to read. assumes that bilingual readers can control which set of However, the empirical findings show exactly the opposite grapheme-to-phoneme correspondence rules is applied (i.e.
pattern. The Stroop conflict for color naming decreases the rules of Spanish or Catalan). However, there exists no with increased skill in reading of children [42] . The good evidence for the executive control over lexical versus magnitude of Stroop interference varies with age, with the sublexical reading routes and over grapheme-to-phoneme youngest children and the older adults exhibiting the correspondence rules [23] . Moreover, if readers can block largest interference scores [11] . the direct route into the mental lexicon and can control By assuming a strengthening and weakening with age of which set of grapheme-to-phoneme correspondence rules is control structures rather than of processing pathways, applied, the findings on bilingual Stroop interference WEAVER1 1 has been able to simulate successfully the remain unexplained. If routes and processes within routes pattern of Stroop performance across the life span [41] . can be controlled, the simplest way to prevent betweenIndependent evidence for this assumption comes from language interference in color naming would be to block developmental studies (see Ref. [6] for a review). There is both the direct lexical route and the application of an extensive development of the connectivity of the ACC grapheme-to-phoneme correspondence rules for the nonfrom infancy to late childhood. The size of the ACC of target language or to block all reading routes for all children correlates with response times in controlled but languages. The findings on between-language Stroop internot in simple tasks. Furthermore, a substantial develop-ment of the general ability to control conflict has been 'being in control', that is, exercising one's will-or the found to occur between 2 and 5 years of age [6] .
feeling that the outcome was not completely satisfactory, resulting in the ERN [18] . Thus conceived, activations of 5 .4. Conflict monitoring and self-monitoring the ACC and DLPFC constitute the neural correlate of the Stroop task demonstration that most language users can During conversation, speakers not only talk and listen to resist anything, even temptation. interlocutors, but they also monitor their own covert and overt speech for errors. Similarly, in performing a Stroop task, speakers monitor their performance (in Stroop's A cknowledgements original experiments [43] , participants had to repair their errors). To account for this type of output control, models
We are indebted to Miranda van Turennout, Michael need to make assumptions about self-monitoring and Coles, Pim Levelt, Peter Indefrey, Rasha Abdel-Rahman, repair. Self-monitoring is more than conflict monitoring.
and an anonymous reviewer for helpful comments and GRAIN implements the view that the presence of crossdiscussions. talk interference between processing channels triggers the system to increase the activation level of the relevant task demand node [4] . However, verbal self-monitoring in-R eferences volves more than this because it provides information about the nature of the trouble or failure, for example,
